The isohydry-anisohydry spectrum has become a popular way to characterize plant drought responses and recovery processes. Despite the proven utility of this framework for understanding the interconnected physiological changes plants undergo in response to water stress, new challenges have arisen pertaining to the traits and tradeoffs that underlie this concept.
Introduction
Although recent drought-induced forest mortality events have spurred research into the mechanisms governing when, where and how trees die (Hartmann et al., 2018) , less is known about how trees tolerate and recover from sublethal water stress. Tree hydraulics provide a framework to understand how sublethal water stress affects tree physiology by integrating the abiotic factors of atmospheric water demand and soil water supply with the biotic responses of stomata and the limitations of xylem conductance (Sperry & Love, 2015) . Consequently, advanced models of water transport through trees have been developed Tai et al., 2016) and these processes have been incorporated into dynamic global vegetation models (Bonan et al., 2014; Christofferson et al., 2016; Xu et al., 2016 ). However, the success of these models depends on appropriate parameterizations, requiring detailed knowledge of the traits and tradeoffs that constrain how trees respond toand recover fromwater stress (McDowell et al., 2013) .
Improving our understanding of the traits that control xylem resistance to embolism has been a focal point of tree hydraulic research. Two such traits are P 50the water potential at which 50% of stem hydraulic conductivity has been lostand the P 50 safety margin. P 50 is used as an indicator of a species' resistance to embolism, and the P 50 safety margin (the difference between minimum xylem water potential and P 50 ) provides a metric of embolism risk that is normalized for a given species' climate envelope and hydraulic behavior. These traits have been shown to integrate numerous life-history tradeoffs (Maherali et al., 2004; Meinzer et al., 2017) and can be indicative of a species' risk of drought-induced mortality (Nardini et al., 2013; Anderegg et al., 2016) .
Recent work has identified a spectrum of hydraulic behavior that serves to integrate and link tree hydraulics with gas exchange and other downstream physiological processes (McDowell et al., 2008; Domec & Johnson, 2012) . This framework, which classifies a species along a continuum from isohydry to anisohydry, proposes that trees respond hydraulically to drought in predictable ways, with isohydric species holding leaf water potential (Ψ L ) relatively stable during water stress, whereas anisohydric species lower Ψ L in response to water stress. Each strategy is assumed to have physiological consequences; isohydric species are expected to close stomata and reduce carbon (C) assimilation (i.e. photosynthesis), whereas anisohydric species are expected to maintain gas exchange yet increase their risk of hydraulic damage because of low Ψ L . This idea has been validated in numerous experimental and observational contexts (e.g. McDowell, 2011; Klein, 2014; Roman et al., 2015) , leading to a view that species that have hydraulically vulnerable xylem may adopt a more isohydric strategy, whereas species that have hydraulically resistant xylem may adopt a more anisohydric strategy (McDowell et al., 2008; Plaut et al., 2012; Skelton et al., 2015) . According to this view, a species' ability to maintain gas exchange during drought stems from its ability to withstand low Ψ L without incurring hydraulic damage. Therefore, there should be a negative relationship between a species' degree of anisohydry and embolism resistance traits such as P 50 .
However, multiple factors complicate a universal application of the isohydry-anisohydry framework. For example, some anisohydric trees have been found to embolize readily during severe water stress (Duan et al., 2015; Mencuccini et al., 2015; Pellizzari et al., 2016) . This suggests that, rather than embolism resistance traits determining a species' degree of anisohydry, maintaining C assimilation vs avoiding hydraulic damage is the core tradeoff that determines a species' hydraulic strategy. For some species, the advantage to be gained by sustaining C assimilation during drought stress may well be worth the risk to the hydraulic system, which could weaken generalized relationships between xylem vulnerability and the degree of anisohydricity across species. Further complicating these relationships is recent evidence suggesting that maintenance of C assimilation in anisohydric trees is not universal, as gas exchange and Ψ L dynamics have been found to deviate significantly from the predictions of the isohydry-anisohydry framework . Additionally, dynamic interactions between environmental conditions and plant function that change as droughts progress from moderate to severe can also produce deviations from the framework (Hochberg et al., 2018) ; specifically, species that appear to adopt an anisohydric strategy when soil is moderately dry can become more isohydric when soils are very dry (Guo & Ogle, 2019) .
Although there is still much to learn about the coordination of hydraulic traits and tree physiology during drought, even more uncertain are the links between these processes and post-drought recovery. There is emerging evidence that hydraulic traits and drought strategies could interact to influence how well a species can recover from water stress. For example, trees with small safety margins (Anderegg et al., 2015) and anisohydric behavior (Brodribb & Cochard, 2009 ) are often slowest to recover from severe drought. This pattern could reflect the premise that anisohydric trees experience losses of hydraulic conductivity, resulting in delayed recovery as embolized xylem conduits are slowly repaired (Skelton et al., 2017) . By contrast, the classic view of isohydry posits that these species should maintain a more static Ψ L by closing stomata and reducing photosynthesis, avoiding hydraulic damage and thus recovering rapidly (McDowell, 2011; Domec & Johnson, 2012; Yin & Bauerle, 2017) .
To summarize, contemporary theory predicts that plant hydraulics and leaf-level gas exchange are coordinated processes that reflect varying life-history strategies and tradeoffs (Maherali et al., 2004; Manzoni, 2014; Reich, 2014) . However, recent evidence suggests that gas exchange and Ψ L can deviate significantly from predictions of the isohydry-anisohydry framework, owing to the impacts of xylem embolism and interactions with environmental conditions (Hochberg et al., 2018) . This indicates a need to investigate how a species' hydraulic strategy underpins the tradeoffs between embolism resistance, hydraulic damage and drought recovery.
We sought to uncover the traits and tradeoffs that underlie a species' degree of anisohydry by relying on empirical data collected under carefully controlled and severe drought conditions, and to examine the linkages between these traits, drought responses and recovery. To this end, we exposed potted saplings of seven tree species to an experimental drought period, followed by a recovery phase. Throughout the experiment, we measured hydraulic traits and monitored gas exchange, water potential and drought-induced losses of hydraulic conductivity (PLC). Our specific goals were to quantify the relationships between common hydraulic traits and iso-anisohydry; to understand key tradeoffs in tree drought physiology; and to link these hydraulic traits and tradeoffs to tree drought and recovery responses. We also sought to test two competing hypotheses regarding the mechanisms that underlie isohydric or anisohydric behavior. One hypothesis predicts that xylem vulnerability determines a species' degree of anisohydry. This leads to the prediction of a relationship between embolism-resistant xylem (more negative P 50 ) and anisohydric behavior. Alternatively, the way a species manages the inherent tradeoff between assimilating C and minimizing hydraulic damage gives rise to isohydric or anisohydric strategies, under the assumption that species cannot prioritize both under severe drought stress. Rather than a relationship between embolism resistance and anisohydricity, this hypothesis leads to the prediction of a negative relationship between C assimilation and hydraulic function as drought progresses. By investigating these questions, we hope to promote a predictive understanding of the coordination between hydraulic traits and physiological processes both during and after drought stress.
Materials and Methods

Experimental setup
Seven tree species were chosen for this study: Acer saccharum, Carya ovata, Juniperus virginiana, Liriodendron tulipifera, Quercus alba, Quercus velutina and Sassafras albidum. These species were chosen as they are common in the central hardwoods region of North America, in addition varying widely in hydraulic traits, drought tolerance and degree of anisohydry (Choat et al., 2012; Klein, 2014; Mart ınez-Vilalta et al., 2014; Roman et al., 2015) . C. ovata, Q. alba, and Q. velutina were purchased from Vallonia Tree Nursery (Indiana DNR, Vallonia, IN, USA), and A. saccharum, J. viriginiana, L. tulipifera, and S. albidum were purchased from Cold Stream Farm (Free Soil, MI, USA). Saplings were planted within 2 wk in 20 9 46 cm pots filled with a local mesic Typic Paleudalf soil that was mixed with 50% coarse sand by volume to improve drainage. All saplings were 3-4 yr old (0.5-1.5 m in height) and planted at least 3 months before the experimental period.
There were two phases to our experiment: a 6 wk drought phase and a 6 wk recovery phase (n = 20 per species). Additionally, wellwatered control trees (n = 10 per species) were maintained throughout the duration of the experiment between 10% and 20% volumetric water content (VWC). For simplicity, here we refer to the soil moisture reduction as a 'drought treatment', although in reality other meteorological drivers (including vapor pressure deficit and temperature) would also be altered during a natural drought. In the drought treatment, VWC was sharply decreased by reducing watering frequency over the span of the 6 wk drought period, with occasional watering to maintain VWC between 3% and 6% (with the exception of a short-term VWC increase in week 3; Supporting information Fig. S1 ). The recovery phase followed, in which drought treatment trees were watered similarly as controls. The experiment lasted from June to August 2017, during which time glasshouse temperature was maintained between 20 and 30°C, relative humidity was maintained at c. 50%, and photoperiod was normalized with grow lights.
Gas exchange, soil moisture and water potential
Carbon assimilation (A), stomatal conductance (g s ), transpiration (E), and volumetric water content (VWC) were measured on all trees weekly, with the exception of J. virginiana gas exchange, which was obtained for week 6 of the drought phase and weeks 1, 4 and 6 of the recovery phase. Measurements of A, g s , and E were obtained using a LI-6400 XT (Li-Cor Inc., Lincoln, NE, USA) with chamber conditions set to: 400 ppm CO 2 , 1500 lmol m À2 s À1 photosynthetically active radiation, 25°C leaf temperature, and a flow rate of 500 lmol s À1 . VWC was measured at the same time as gas exchange with a HydroSense II moisture probe (Campbell Scientific, Logan, UT, USA). In this study we sought to quantify the consequences of low Ψ L for the hydraulic system of drought-stressed trees. Therefore, we equilibrated Ψ L with stem water potential (Ψ S ) by covering each leaf with a plastic bag and aluminum foil for 15 min. This time period was chosen based on previous investigations which showed that Ψ S is relatively insensitive to bagging time after c. 10 min. Midday Ψ S was measured on a randomly chosen subset of four trees weekly in weeks 2 and 4-6 of the drought treatment, and weekly for the entire recovery phase. Ψ S was measured on individual leaves using a Model 600 Scholander pressure chamber (PMS Instrument Company, Corvallis, OR, USA). All measurements were performed between 10:00 and 14:00 h on sunny days.
Hydraulic conductivity
Stem water potential measurements were converted into percentage loss of conductivity (PLC) by creating a species-specific PLC curve, fitting a Weibull model to those data, and applying that function to the Ψ S data. Stem samples (0.3-1 m in length) were harvested from nondroughted individuals of each species during the last month of the experiment, immediately cut, placed in cold water, and rehydrated with degassed water in a vacuum desiccator for 24 h before measurement. As our stem samples were fully rehydrated before constructing PLC curves and subsequently cut underwater, our method should bypass known artifacts that can bias PLC measurements (e.g. Wheeler et al., 2013; Trifil o et al., 2014) . PLC curves were developed using an air seeding method modified from Cochard et al. (1992) , by which the fully hydrated stem segments were exposed to increasingly high pressure from 0 to 90 bar, and flow rate through the stem segment was measured with a XYL'EM apparatus (Bronkhorst, Ruurlo, NL, USA). Conductivity (K T ) at a given pressure and temperature was derived as:
where F is the mass flow of degassed water through the stem segment and P is the hydrostatic pressure drop. K T was then corrected for temperature-induced changes in water viscosity (XY'LEM; Bronkhorst):
where K is the temperature-corrected conductivity and T is the temperature (in°C). PLC was derived from conductivity data via:
where K max is the maximum conductivity observed (when no pressure was applied to the stem sample). Three to five curves were created per species and a model was fitted to the aggregated species data using the reparameterized Weibull model (Ogle et al., 2009 ) from the FITPLC package in R (Duursma & Choat, 2017) . The P 50 (Ψ S at 50% PLC) and S 50 (the slope of the curve at P 50 ) were calculated from this model.
Soil water potential
We derived soil water potential (Ψ soil ) from the weekly VWC measurements using a custom soil water retention curve created on our sand/soil mixture. This curve was developed by colocating a CS650 soil water content reflectometer and two 229 heat dissipation matric potential sensors (Campbell Scientific) in a pot of our soil and exposing the soil to four wetting/drying cycles that made VWC fluctuate between 3% and 22%. Data were compiled into daily averages and fitted to the van Genuchten (1980) model via the online SWRC tool (Seki, 2007) . Ψ soil values < À2.5 MPa (< 1% of total data) were outside the measurement range of the matric potential sensor and were therefore excluded from our analysis.
Data analysis
We used a slightly modified version of a popular metric of anisohydry, r, defined as the slope of the relationship between Ψ S Ó 2019 The Authors New Phytologist Ó 2019 New Phytologist Trust New Phytologist (2019) www.newphytologist.com New Phytologist and Ψ soil for each species (Mart ınez-Vilalta et al., 2014) . Only measurements on drought-stressed trees were used to calculate this metric in order to capture tree responses when soil moisture was limiting. Degree of anisohydry (r) calculated on droughtstressed trees was strongly related to r calculated on all trees (control and drought-stressed, r 2 = 0.55, P < 0.0001), and its use in our analysis did not qualitatively alter our conclusions. Additionally, our metric uses Ψ soil instead of predawn Ψ L as proposed by Mart ınez-Vilalta et al. (2014) . Given that our trees did not differ in rooting depth or any other edaphic factors, Ψ soil should be a strong proxy for predawn Ψ L and therefore consistent with the formulation of Mart ınez-Vilalta et al. (2014) . The P 50 safety margin for each species was calculated as the difference between P 50 and the minimum day-averaged Ψ S observed for each species during the drought phase (Wolfe, 2017) .
To quantify the responses of our trees to experimental drought, we relied on various metrics of treatment effects. For gas exchange and Ψ S , we calculated effect sizes at each sampling time as such:
where Control baseline represents the mean control treatment value and Drought i,t represents measurements made on each drought treatment individual (i) at each time point (t). For PLC we quantified the effects of drought by using the raw difference between the drought and control treatments (DPLC) owing to the large interspecific heterogeneity of PLC values in the control group. For our effect size calculations and statistical tests, we compared each data point in our drought treatment with a 'baseline' for the control treatment (i.e. all control data points over the course of the experiment). We did this as there were no significant temporal changes in any of our physiological measurements in the control treatment. At each time point, we used Welch's ttests to identify significant differences between our droughtstressed trees and the control tree baseline. Recovery times for all physiological measurements were defined as the time it took (in d) for our drought-stressed trees to no longer be significantly different from the control baseline. C. ovata failed to recover A, Ψ S , and PLC by the end of the 6 wk recovery phase. Therefore, we discarded these recovery times for any analysis. Altering the recovery time of these processes to be 45 d (the length of the recovery phase) did not qualitatively change our results. Relationships between drought responses and hydraulic parameters were assessed with linear models, and pairwise comparisons of species' physiology were done via Tukey tests. All statistical analyses were conducted in R 3.4 (cran.r-project.org).
Results
Species' hydraulic traits
In general, our species differed greatly in both their hydraulic traits and their degree of anisohydry ( Fig. 1; Table 1 ). Some species, such as A. saccharum and L. tulipifera, were relatively isohydric (low r) yet remarkably resistant to embolism, displaying a low P 50 and large P 50 safety margin. By contrast, other species, such as Q. alba and Q. velutina, were anisohydric (high r) despite much less negative P 50 and negative P 50 safety margins. In addition to being highly variable across species, these hydraulic traits were not linked to a species' degree of anisohydry, as r did not correlate with P 50 (P = 0.848), the P 50 safety margin (P = 0.562) or S 50 (P = 0.410).
Well-watered physiology
Throughout the control treatment, species' mean A spanned 3.59-5.97 lmol CO 2 m À2 s À1 , g s was between 0.06 and 0.09 mol H 2 O m À2 s À1 , and Ψ S ranged from À0.55 to À1.19 MPa. In well-watered conditions, A, g s , E and Ψ S were similar across most species and not statistically distinguishable. One notable exception is J. virginiana, which had lower mean A than L. tulipifera, Q. alba and Q. velutina, and lower mean Ψ S than all other species except S. albidum. These baseline values for gas exchange and Ψ S were not related to a species' hydraulic traits, drought responses or recovery.
Drought responses
In response to soil moisture reduction, A, g s , E, Ψ S and PLC for all species were significantly altered in the first or second week of the experiment relative to well-watered controls (Table S1 ). In some isolated cases, tree gas exchange returned to control values in week 3 owing to a short-term spike in VWC (Fig. S1 ). However, this effect was ephemeral, as gas exchange for all species declined again by week 4 relative to controls. S. albidum was an abnormal case and diverged from the responses of the other species, as it resisted drought-induced changes in physiology until weeks 4 or 5.
Reductions in A were quite large for some species. For example, both A. saccharum and L. tulipifera ceased photosynthesis entirely by week 2 (Fig. 2a ). By the end of the drought treatment, all species had reduced A to between 0% and 14% of controls. Decreases in g s were also present but smaller in magnitude, c. 20-40% of controls (Fig. 2b) . Temporal trends in E were similar to those of g s , with rapid declines observed in all species (Fig. S2 ). Drought had a somewhat more variable effect on Ψ S , with effect sizes between drought and control treatments ranging from À1.2 for S. albidum to À7.1 for Q. velutina (Fig. 2c) . DPLC differed even more among species, with C. ovata, L. tulipifera and S. albidum barely altering PLC, whereas J. virginiana, Q. alba and Q. velutina lost over 40% of their maximum hydraulic conductivity ( Fig. 2d ). Despite this variability, our experimental soil moisture reduction still caused significant declines in both Ψ S and PLC across most species and sampling points, with the exception being S. albidum in week 4 (Table S1 ). Of our drought response metrics and hydraulic traits, only our metric of anisohydry (r 2 = 0.55, P < 0.001; Fig. 3 ) was significantly positively related to DPLC during the last week of the drought phase. We did not explicitly explore the relationship between the P 50 safety margin and DPLC as both were derived from minimum PLC during drought. 
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Drought recovery
We defined drought recovery time as the length (in d) it took for each drought-stressed species to be statistically indistinguishable from its control, considering multiple metrics of plant function. Most species, with the exception of C. ovata, recovered in all aspects of physiological function within the 6 wk recovery period (Tables 2, S1). Across species, recovery of A lasted 7-45 d. However, g s for all species recovered between 1 and 27 d. Interestingly, C. ovata g s recovered from drought nearly instantly, yet never reached control values of A, Ψ S or PLC during the recovery period. Accordingly, recovery of E occurred within 1 wk for four species, whereas recovery of all other species occurred by day 20. Recovery of Ψ S and PLC, in general, was longer than for A and g s . During the last week of the recovery period, some species actually significantly surpassed the A, g s , Ψ S and PLC of the controls (Table S1 ). In addition, recovery of C assimilation and hydraulic function was loosely correlated across species, as recovery of A was positively related to recovery of Ψ S and PLC (P = 0.05).
We detected only one significant relationship between hydraulic traits and a species' drought recovery; specifically, a species' degree of anisohydry was able to successfully predict tree recovery of Ψ S or PLC, with more anisohydric species taking longer to regain hydraulic function post-drought (r 2 = 0.65, P = 0.037; Fig. 4a ). Although the more anisohydric species in general took longer to recover A, this trend was New Phytologist nonsignificant (P = 0.244). However, hydraulic behavior during drought affected recovery in other ways, as DPLC had a significant positive relationship with the recovery times of A (r 2 = 0.58, P < 0.001; Fig. 4b ), Ψ S (r 2 = 0.64, P < 0.001; Fig. 4c ) and PLC (r 2 = 0.64, P < 0.001).
Discussion
In light of recent evidence highlighting the challenges associated with universal applications of the isohydry-anisohydry spectrum Hochberg et al., 2018) , our conceptual understanding of the traits and tradeoffs that influence drought physiology needs to be revised. Specifically, there is a need to reconsider the view that vulnerable xylem underlie isohydric behavior (Mart ınez-Vilalta et al., 2014), understand the extent to which there is a tradeoff between hydraulic safety and maintaining C assimilation (McDowell, 2011) , and re-examine the utility of hydraulic traits and strategies for understanding drought responses and recovery processes (Yin & Bauerle, 2017; Johnson et al., 2018) . We investigated relationships between common hydraulic traits across seven central North American tree species and linked those traits to variation in drought responses and drought recovery. We found that anisohydric species lost hydraulic conductivity during water stress to a greater degree than their isohydric counterparts, negatively impacting tree physiology during the drought and hindering recovery. Therefore, we did not find support for the hypothesis that cavitation-resistant xylem underlie anisohydric behavior, nor could we conclude that the isohydry-anisohydry framework arose from a tradeoff between hydraulic safety and C assimilation, at least for the young trees studied here. Despite these departures from the conventional views of the isohydryanisohydry framework, a species' degree of anisohydry still 
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Hydraulic traits
By measuring the hydraulic traits of seven tree species, we sought to understand the relationships among a species' degree of anisohydry, resistance to embolism, and hydraulic safety. Our results indicate that xylem vulnerability is not directly linked with isohydricity, as many of our study species displayed clear anisohydric tendencies despite a hydraulic system predisposed to droughtinduced damage. In general, oak species were highly anisohydric, whereas species such as A. saccharum, L. tulipifera and S. albidum were more isohydric, confirming findings from local mature forests (Roman et al., 2015) . In addition, J. virginiana appeared to be only moderately anisohydric, despite the extremely large resistance to embolism that is characteristic of this species (Tyree & Ewers, 1991) and of gymnosperms in general (Choat et al., 2012) . For reference, these values of r would place the two oak species in the top 5% of the Mart ınez-Vilalta et al. (2014) dataset even larger than classic anisohydric species like Juniperus spp., but similar to other Quercus spp. (Thomsen et al., 2013; Roman et al., 2015; Vose & Elliott, 2016) . Furthermore, most of our other species' r were similar to Pinus edulis, a species well-known for its isohydricity (r = 0.53). Despite these species' r being in line with our expectations, we found that many of the anisohydric trees actually had higher P 50 and even negative P 50 safety margins as compared with isohydric trees. Two particularly striking examples are the extremely anisohydric behavior of Q. alba (despite a narrow P 50 safety margin and low resistance to embolism) and the large embolism resistance and P 50 safety margin observed in L. tulipifera regardless of its isohydricity. One potential anatomical feature that could interact with hydraulic behavior to cause these counterintuitive results is wood anatomy. Our most anisohydric species (Q. alba and Q. velutina) are Fig. 4 (a) Stem water potential (Ψ S ) recovery time vs species' degree of anisohydry (r) (r 2 = 0.65, P = 0.037); (b) carbon assimilation (A) vs the difference between control and drought-stressed percentage loss of conductivity (DPLC) (r 2 = 0.58, P < 0.001); (c) Ψ S vs DPLC (r 2 = 0.64, P < 0.001). Each point represents a species' average and error bars represent AE SE. Carya ovata data have been left out of these graphs as it failed to recover over the 6 wk recovery phase (see the Materials and Methods section). Species were considered to have recovered when the drought-stressed treatment group became statistically indistinguishable from controls in the 6 wk recovery phase. Carya ovata was unable to recover A, Ψ S , and PLC during the length of recovery phase, and are therefore denoted as na. A, carbon assimilation; g s , stomatal conductance; Ψ S , stem water potential; PLC, percentage loss of conductivity.
Ó 2019 The Authors New Phytologist Ó 2019 New Phytologist Trust New Phytologist (2019) www.newphytologist.com New Phytologist ring-porous. The large earlywood vessels of these species are known to be more susceptible to hydraulic damage, potentially causing embolism at low water potentials and generating the 'rshaped' vulnerability curves and low P 50 in these species . While anisohydric behavior has previously been linked with high embolism resistance (Mart ınez-Vilalta et al., 2014), the lack of trait coordination in our experiment serves as further evidence that the relationship between embolism resistance and anisohydricity is not universal (Johnson et al., 2018) .
Drought responses and recovery
Although it is known that trees exhibit a wide variety of physiological responses to water stress, variation in recovery processesand the linkages between drought tolerance and recoveryis less well understood. In this experiment, we observed a wide spectrum of drought-and recovery-related processes. Our drought treatment was severe enough to impair physiological function and reduce C assimilation in all species. However, reductions in A were not accompanied by large decreases in g s , implying shortterm decreases in intrinsic water-use efficiency. This effect may be nonintuitive, but it has been replicated in similar experiments on the same species (Kannenberg & Phillips, 2017; Kannenberg et al., 2018) and could indicate biochemical limitations on C assimilation, which are known to become considerable during extreme drought stress (Flexas & Medrano, 2002) . Despite these smaller declines in g s , some species still drastically lowered Ψ S . Although stomatal opening does act as an important control on Ψ S , reduced hydraulic conductivity via embolism can lower Ψ S in the absence of stomatal closure (Mart ınez-Vilalta & Garcia-Forner, 2016). This explanation also provides a mechanism to explain the observation that, whereas recovery of g s was rapid for all species, recovery of Ψ S in many cases did not occur for weeks.
Losses of conductivity during drought had long-lasting consequences, as the species that experienced the largest decreases in PLC were also the slowest to recover water potential and gas exchange. Our results support the premise that drought-induced embolism hinders recovery, and the magnitude of this effect is a highly species-specific process that depends both on native resistance to embolism and on the degree to which a species lowers Ψ S during water deficits. It is important to note that droughtinduced hydraulic damage was positively related to recovery times of A and Ψ S, thus acting as a better predictor of tree recovery than our metric of anisohydry. These results suggest that a tree's hydraulic status during drought influences recovery more than any species-specific trait. Given the number of current ecophysiological models that are grounded in tree hydraulics and can simulate embolism (Tai et al., 2016; Sperry et al., 2017) , our results speak to the ability of these models to potentially simulate drought recovery.
Here, we focus more on the recovery of Ψ S than on the recovery of PLC. This is because we derived PLC from Ψ S and, thus, post-drought Ψ S and PLC were very tightly correlated within a species. Given this methodology, our conclusions regarding PLC recovery are subject to a few key assumptions: there was no hysteresis in the relationship between Ψ S and PLC during our drought-recovery cycle; there were no post-drought shifts in a tree's vulnerability curve that would affect hydraulic function under well-watered conditions; and Ψ S serves as an accurate proxy for recovery of hydraulic conductivity. Although we believe these assumptions to be reasonable, we lack the direct measurements of conductivity necessary to confirm them and therefore our conclusions regarding recovery of PLC are more speculative than our results pertaining to the recovery of Ψ S . However, the degree to which increases in Ψ S can be used to infer repair of drought-induced damage is an interesting question worthy of further investigation.
Despite these caveats, the fact that most of our tree species were able to completely regain hydraulic function during the recovery period could indicate significant repair of drought-induced hydraulic damagegiven that new xylem development was probably insignificant during the 6 wk recovery. As a species' recovery was related to its degree of anisohydry, our results should further motivate investigations on the interactions among stomatal behavior, hydraulic traits and embolism repair (Taneda & Sperry, 2008; Venturas et al., 2017; Klein et al., 2018) . Building on existing evidence linking decreases in water potential and hydraulic conductivity to delayed recovery (Brodribb & Cochard, 2009; Anderegg et al., 2013; Skelton et al., 2017) , we propose that a crucial component of understanding tree drought recovery lies in the knowledge of the underlying hydraulic mechanisms that constrain and define the strategies trees use to cope with water stress.
Implications for our understanding of hydraulic traits
A major goal of tree physiology is to quantify the traits and strategies that serve to integrate the numerous complex biological processes that occur during periods of water stress. Our study reinforces the view that a critical factor for understanding drought tolerance and recovery is drought-induced loss of hydraulic conductivity. We found that only a species' degree of anisohydry proved useful for predicting both drought-induced hydraulic damage and how quickly trees could return to nonstressed water potentials. This speaks to the value of this metric as a trait integrator for numerous aspects of tree physiology and lends credence to the idea that anisohydric behavior during drought could give rise to drought legacy effects (Yin & Bauerle, 2017) .
Despite success in linking anisohydry to hydraulic damage during drought, our assumption about the tradeoff between sustaining 'safer' water potentials vs sustaining photosynthesis was not confirmed. Contrary to previous investigations on mature trees (Brzostek et al., 2014; Roman et al., 2015) , our anisohydric species did not maintain photosynthesis to a greater degree than our isohydric species. This indicates that gas exchange dynamics can deviate from the predictions of the isohydry-anisohydry framework. However, it is important to note that this resultthough replicated across multiple similar experiments (e.g. Kannenberg & Phillips, 2017; Kannenberg et al., 2018 )might not be indicative of how these species behave in mature forests, which often do not experience soil moistures as low as those achieved in our glasshouse study. If our drought treatment was severe enough 
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New Phytologist to cause biochemical limitations to C assimilation that would not occur in mature forests (Flexas & Medrano, 2002) , then the predicted maintenance of photosynthesis in anisohydric species may only be observed in response to more realistic periods of water stress, where C assimilation is primarily limited by stomatal responses. Nonetheless, our results add to growing evidence that Ψ S and gas exchange dynamics can become decoupled during drought stress Hochberg et al., 2018) . Although this decoupling has led some to conclude that the isohydryanisohydry spectrum concept should be reworked Hochberg et al., 2018) , we show that this framework was still useful for understanding the relationships among hydraulic strategies, drought-induced hydraulic damage and recovery processes. Further work needs to be done to uncover the factors that can cause such a severe decoupling between Ψ S and C assimilation, and to incorporate those mechanisms into our current understanding of anisohydric behavior.
In our study, there was no quantifiable benefit of anisohydry, as these species experienced hydraulic damage and delayed recovery without the hypothesized advantage of increased C assimilation during drought. However, anisohydric trees clearly exist in mature forests and are generally quite drought-tolerant (Brzostek et al., 2014; Roman et al., 2015) . This indicates that the traits and tradeoffs underlying the isohydry-anisohydry spectrum are probably contingent on environmental conditions or biological factors that are missing from a glasshouse experiment. For example, tree age (Mencuccini, 2002) , competition (Loranty et al., 2010) , variation in rooting depth (Hacke et al., 2000; Sperry & Hacke, 2002; Lopez et al., 2005; Matheny et al., 2016) and soil characteristics (Kannenberg et al., 2019) are all ecological factors that play an important role in shaping a tree's drought responses, yet are absent in a glasshouse. Additionally, our experiment induced much lower soil water potentials and much more rapid soil drying than what most eastern US forests experience during natural droughts but lacked the high atmospheric water deficits that frequently co-occur with low soil moisture. Elevated vapor pressure deficit would probably exacerbate the hydraulic dysfunction of anisohydric species, as they would lose even more water to the atmosphere through their relatively more open stomata. Experiments conducted in growth chambers, where both soil water and atmospheric demand can be altered, could be important for better understanding the coupling between soil moisture and humidity sensitivities. These factors that differ between a glasshouse and a mature forest could interact and potentially influence isohydric and anisohydric behavior. In light of these discrepancies between glasshouse studies and field observations, our results suggest a need to re-examine the core tradeoffs inherent in the isohydry-anisohydry concept and understand the context specificity of this framework, thereby revealing the mechanisms that could allow anisohydric behavior to persist in mature forests.
Conclusions
In seeking to understand the relationship between common hydraulic traits, isohydric or anisohydric behavior, and tree physiology, we uncovered disconnects between a species' risk of embolism, its hydraulic behavior during water stress, and the ability to maintain C assimilation. Specifically, we found that anisohydric trees, despite drastically reducing Ψ S during drought, were not more resistant to embolism. This hydraulic sensitivity co-occurred with an inability to maintain C assimilation, and resulted in increased hydraulic damage during drought and delayed recovery. Therefore, anisohydric trees did not trade off hydraulic risk for increased C assimilation. Despite these counterintuitive results, we provide evidence that a species' degree of anisohydry is a key trait that relates to a species' hydraulic responses and subsequent recovery. In addition, our results lend credence to the idea that anisohydric behavior causes long-lasting reductions in Ψ S that can lead to legacy effects. We therefore recommend that anisohydricity be further investigated in empirical, observational and modeling contexts for its predictive utility in understanding physiological processes in trees.
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